A neutron reflectivity study of the phospholipid, 1,2-distearoyl-sn-glycero-3-phosphocholine, at the hexadecane/water interface is reported as a function of spread amount. Two isotopic contrasts have been used to determine the structure of the phospholipid molecule in the buried interfacial region. The results indicate a roughened monolayer at low spread amounts of phospholipid at the oilwater interface. This monolayer is relatively broad to accommodate the coulombic charges on the head group. An increase in the spread amount of phospholipid results in combination of a monolayer plus micelle formation at the interface. There is a transition from a monolayer to a more complex monolayer and micelle conformation as the amount of spread phospholipid increases. The total layer thickness for these fits is about 70 Å, which is much larger than a fully extended DSPC molecule (~ 30 Å). This is indicative of rough molecular packing at the oil-water interface. This roughened interface is suggested to be because of the solvation effect of the hydrocarbon tails and the resultant hydrophobic interactions, in addition to the accommodation of the coulombic interactions of the charges in the head groups.
INTRODUCTION
Monolayers composed of amphiphilic molecules, such as phospholipids, are widely regarded as model biomembranes for use in biophysical studies for the exploration of biomembrane properties and behaviour. Because of the presence of two long, fatty acid chains in a phospholipid molecule [1] , such molecules are very sparingly soluble in water yet are considerably soluble in organic solvents, and thus structural studies of phospholipids at water-organic solvent interfaces are potentially a very important tool in understanding biomembrane structure and function. One area of special interest is the molecular conformation of the phospholipid head groups since these comprise the interaction site with the aqueous environment and other hydrophilic biomolecules such as solvated proteins [2, 3] .
Phospholipids such as dialkyl phosphocholine are zwitterionic in nature. The study of single alkyl chain zwitterionic surfactants at the air-water interface using deuterated and hydrogenous species has revealed that the hydrocarbon part of the adsorbed film forms a relatively thin and well packed layer with the alkyl chains being significantly tilted relative to the surface normal [4, 5] . A similar tilt in the chain conformations has also been reported for monolayers prepared solely from dialkyl chain zwitterionic phospholipids [6, 7, 8] and from mixtures of zwitterionic and anionic phospholipids [9] at the air-water interface. When zwitterionic surfactants are adsorbed at the oilwater interface, however, the adsorbed monolayer becomes much rougher and less organised because of the solvation conditions of the surfactant's tail groups [10] . Despite their very poorly solubility in water and alkanes, lipids have been reported to form micelles and unilamellar vescicles in both oil and water after sonication. Such systems have often been used for self assembly [11] . Lipids such as dipalmitoyl-phosphocholine (DPPC) can form stable Langmuir monolayers at the oil-water interface.
Structural studies of DPPC adopting X-ray reflectivity have shown a well ordered monolayer at the hexadecane-water interface [12] . However, X-ray experiment reported was only performed at surface pressure  = 10 mN m -1 , and there is a lack of systematic studies of the effect of increasing surface coverage.
The contrast variation technique used in neutron reflectomtery provides a powerful tool in resolving conformation of molecules at the buried oil-water interface. However, until recently, it has not been possible routinely to resolve experimentally the structure of amphiphilic molecules located at such buried interfaces. The problem has been mainly due the lack of suitable methodology to successfully perform the experiment [13] . We have deployed our novel methodology for resolving the structure of amphiphilic phospholipid molecules at the interface between two immiscible liquids using neutron reflectometry for the first time.
. This methodology has enabled us to resolve the conformation of both the tail and the head groups of the lipid, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), for different spread amounts using neutron reflectometry.
In this paper we report the structural studies of monolayer prepared from 1,2-distearoyl-snglycero-3-phosphocholine at the oil-water interface for a series of spread amounts. The principal objectives were first to measure the adsorbed amount and to examine how the related interfacial phospholipid structure varies with concentration.
EXPERIMENTAL SECTION

Materials
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), available as fully hydrogenous (h) and
with the two stearoyl chains deuterated (d) forms, were obtained from Avanti Polar Lipids, Inc.
Hexadecane-d34 was obtained from Cambridge Isotope Laboratories (> 98 atom D%). Hydrogenous hexadecane was purchased from Aldrich and was purified by passing through an alumina column seven times. D 2 O was obtained from Fluorochem (>99 at. D%), and ultrapure H 2 O was produced using an Elgastat water purification unit. DSPC monolayers were spread on top of an aqueous subphase from a chloroform solution using a recently developed technique [14] . Details are given in the methods section. When chain deuterated d-DSPC was studied, the hexadecane oil and the aqueous sub-phase were both contrast matched to silicon (Nb=2.0710 -6 Å -2 ) by the judicious mixing of appropriate amounts of hydrogenous and deuterated forms of hexadecane and water, respectively. A second contrast was also examined using h-DSPC lipid in which the oil phase was again contrast matched to the silicon and D 2 O was used as the aqueous sub-phase. In both contrasts the ionic strength of the aqueous phase, I, was zero. The oil-water interface was formed using existing methodology, namely the spin-freeze-thaw method [13] .
Methods
Neutron reflectivity measurements were carried out at the ISIS Spallation Neutron Source, Rutherford Appleton Laboratory, Didcot, U.K. using the SURF reflectometer [15] . The neutron beam on this instrument is a polychromatic beam having a wavelength in the range 0.53 to 6.9 Å. The momentum transfer, Q, is defined by . The reflectivity profiles were measured at an incident angle of 1.5° to provide the most suitable Q-range possible and the highest sensitivity to interfacial structure. The sample was under illuminated with resolution, ~ 3.0%. The attenuation of the neutron beam upon transmission through the oil layer was minimized by using a thin oil layer film created by spin-coating it onto a 100 mm diameter silicon block, which had been previously rendered hydrophobic by the coupling of chlorotrimethylsilane. The spun film of hexadecane oil was frozen in place and kept frozen for the cell-assembling procedure. In the current experiment, the water subphase was placed in the trough forming a meniscus, and its surface was cleaned by vacuum suction. Before assembly of the cell, the level of the water surface was lowered, by syringing through plug valves, until it was just lower than the O-ring seal. A known amount of DSPC was deposited on the bulk aqueous surface from a chloroform solution. After spreading, the solvent was allowed to evaporate (~ 15 minutes) prior to the introduction of the oil phase. Once the sample chamber was deemed to be bubble-free, the oil film was allowed to melt. The linear adsorption coefficient, χ, for the oil phases determined previously [16] was used in the data analysis.
We have used our well established thick film approximation method [17] to calculate the total reflectivity from the Si-oil-water interface. The white beam nature of the neutron source used means the neutron transmission through the oil phase is wavelength-dependent hence all the data analysis are carried out as a function of wavelength but for reasons of clarity are all shown as a function of momentum transfer, Q. The data are all normalised to unit reflectivity in the normal way.
RESULTS
The spin coating procedure leads to a reproducible oil layer of 2.1 μm thickness [16] . The oil layer thickness is relatively much thicker than the molecular dimensions of the lipid at the interface and the oil can be assumed to be bulk for the lipid. In order to deduce the full conformation of DSPC uniquely, two sets of contrasts were measured and the resulting reflectivity data fitted simultaneously to a consistent model. For the first contrast, a series of reflectivity profiles were measured as a function of spread amount of d-DSPC, with both the oil and water scattering length density (Nb) being matched to that of the silicon. The normalised reflectivity profiles as a function scattering wave vector Q (Å -1 ) for the four lipid concentrations used are shown in Figure 1 . Note that the reflectivity profiles obtained for when the d-DSPC concentrations were 7.47  10 -6 and 9.96  10 -6 mol m -2 overlay each other. The reflectivity from a bare oil-water interface was first measured as a reference bench mark and is also shown in Figure 1 . The reflectivity data were first fitted to a single layer model of thickness d = 38 ± 2 Å as the first step in the data analysis. The one layer fit approach to the reflectivity data is an established technique [18] to estimate a nominal value for the adsorbed amount at a given interface. This standard approach is based on fitting the data to a single layer characterised only by a layer thickness with zero roughness and an Nb value. This approach is solely used to estimate the adsorbed amount and by no means aims to provide any structural details at a given interface. The fits are shown by the solid lines in Figure 1 and the fitted parameters are given in Table   1 . As the data for the higher lipid concentrations of 9.96 10 -6 and 7.47 10 -6 mol m -2 were very similar (within error), one model could be used to represent both sets of data. The fitted layer thickness (d) and the scattering length density were used to estimate the adsorbed amount () of lipid and the area per lipid molecule (A pm ) as explained below.
In order to ascertain the volume fraction of our system from the scattering length density profile, we need to make a simplifying assumption. This reasonable, simplifying assumption is that the scattering length density of the adsorbed lipid layer (Nb layer ) varies in a linear fashion with composition i.e. with the volume fraction of the lipid in the layer. As a consequence therefore, the volume fraction (Φ) profile of the adsorbed lipid layer can be related to the experimentally determined Nb layer as:
where Nb b is the scattering length density of the bulk phase (in our case silicon, as both the oil and water are matched to silicon, Nb b = 2.07  10 -6 Å -2 ) and m ( ) is the gradient of the linear regression line in Figure 2 . Using Nb lipid (Nb lipid = 4.7810 -6 Å -2 ), the scattering length density of the lipid, equation (1) can be rewritten as:
 is expressed in units of mol m -2 , d is the layer thickness (determined experimentally), ρ is the lipid density and MW is the lipid molecular weight. By rearranging the Equation [18]  the area per lipid molecule can also be calculated:
Where N A is Avogadro constant. The area per lipid molecule was calculated as a function of spread amount from the single layer fit to the reflectivity data for the first contrast, and it is shown in Figure   3 . given in Table 2 . The interfacial roughness in modelling any reflectivity data could be set to zero;
however a step-like interface is not a realistic representation of the actual interface and normally a Gaussian roughness is used to smooth the Nb changes moving from one layer to the next. The scattering length density profiles for these fits are shown in Figure 5 . Each layer is assumed to be composed of oil, water and lipid. The Nb of the layer can be expressed as:
Where Φ i is the volume fraction of the specie i and the sum of the volume fractions for the three species is 1 (∑ ).. The Nb profiles for both contrasts are then used, applying Equation 5, to estimate the volume fraction profiles for all the three components of the interface, namely the oil, lipid and water. The volume fraction profiles are shown in Figure 6 .
The total layer thickness for these multilayer fits is about 70 Å, which is much larger than a fully extended DSPC molecule (~ 30 Å). This is indicative of rough molecular packing at the oilwater interface. Similar findings have been reported previously in the literature for surfactants at these buried interfaces [10, 16] . This roughened interface is suggested to be because of the solvation effect of the hydrocarbon tails and the resultant hydrophobic interactions, in addition to the accommodation of the coulombic interactions of the charges in the head groups.
DISCUSSION
The scattering length density profiles obtained from the model fittings of all the reported data are shown in Figure 5 . The profiles for the higher spread amounts of h-DSPC with the D 2 O forming the aqueous sub-phase are shown in Figure 5 (c). Regions (i) and (ii) of this profile correspond, respectively, to the head group region and the tail group of the primary monolayer. The decrease in the Nb in both regions as the spread amount increases indicates a combination of an increase in the lipid content coupled with an exclusion of D 2 O from the layer. This is probably a consequence of a higher packing density of the lipid monolayer in this region. On the contrary, the Nb of region (iii) of the profile, in the vicinity of the oil phase, increases with increased spread amount, suggesting the formation of (reversed) micelles. As more (reversed) micelles are formed in this region the water incorporated in this layer also increases. This increase could be because of the contribution of the hydration shell of the head groups. The micelle observed on the oil side of the interface could originate from spontaneous emulsification process. Spontaneous formation of water in oil micelle has been reported at the oil/water/lipid interface [19] . These micelles near the interface could exchange with other micelles in the bulk oil, however there is only sensitive to changes at the interface and very limited sensitivity to relatively small changes in the Nb of the bulk oil phase. There is an overall increase in the adsorbed amount in all three regions and this is also confirmed by the scattering length density profiles for the first contrast, shown in Figure 5 (a). Similar trend in the scattering length density profile is also observed for the lowest spread amount (Figure 5 (b) and 5 (d)) again both these two sets of contrasts are fitted simultaneously to the same model.
It is important to note that the reflectivity profiles ( Figure 4) can also be satisfactory be modelled by relaxing the layer roughness ( Figure 5 The overall results are shown schematically in Figure 8 . The reflectivity data at low spread amount (1.87 10 -6 mol m -2 ) indicate a monolayer conformation of the lipid molecules at the oilwater interface. This monolayer is represented by two layers (Figure 5b and 5d ). The data further suggest this monolayer is rough with a staggered conformation to accommodate the coulombic interactions between the charges in the DSPC head groups. The first layer in contact with water is relatively well defined, mainly composed of DSPC head groups and water. The second layer is a mixture of lipid, hexadecane and water. The thickness of the second layer is 55 Å, which is more than twice the fully extended stearoyl chain; hence some hydrated lipid head groups must also be included in the composition of this layer. The layer appears to be disordered with a significant amount of water penetration. This water inclusion in the hydrophobic side of the interface has been already observed at the oil water interface [20] as well as for phospholipid at the air-water interface [8] . This can be attributed to an increase in interfacial roughness in the presence of surface active species.
In contrast 2, with D 2 O forming the aqueous phase, very little contrast exists between the head group and tail group hence less sensitivity to structural details obtained. The interface could be arbitrarily divided into more layers to demonstrate some structural order. However the increasing number of layers would drastically increase the number of fitting parameters, thus compromising the uniqueness of the final model. We believe a simple two layer model is a more realistic representation of the system given the experimental sensitivity. This type of molecular arrangement for molecules with charges in the head groups has been observed for a zwitterionic single chain C16 surfactant and has been reported in the literature [10] . As the spread amount of the lipids from chloroform increases a different conformation of lipids at the oil-water interface is observed and the reflectivity profiles can't be represented by a two layer model. The scattering length density (SLD) profiles suggest that as a small volume of lipid solution is spread on the water surface, a monolayer is formed at the interface as was implied from the lowest spread amount data. As more and more of the solution is spread subsequently on the top of this monolayer, the lipid molecules come into contact with a more hydrophobic environment composing of the lipid tail groups of the already formed monolayer. The spread lipids are now exposed to very little water and as a result there is a change in conformation of the newly spread lipids. Hence we move from a roughened monolayer to a monolayer plus lipid (water in oil) micelles. These micelles reside on the oil side of the interface in the vicinity of the monolayer.
The Nb profiles for the two contrasts ( Figure 5 ) were used to calculate, using equation (5), the volume fraction (Φ) for the individual components (DSPC, water and hexadecane). This is a very simple estimation of the composition of each region of the interfacial layer. The volume fraction profiles for two spread amount values are shown in Figure 6 . These volume fraction profiles suggest that the most of the lipids reside primarily on the aqueous side of the interface with a different degree of water penetration through the interface. However any oil in the interfacial region is confined to the layer adjacent to the bulk oil phase. The values for the area per molecule at the oil-water interface are shown in Figure 3 . The values obtained are significantly higher than those reported in the literature [8] for the same DSPC lipid at the air-water interface (49 to 44 Å 2 with surface pressure increasing from 20 to 50 mN/m -1 ). The values are also higher than those reported for dipalmitoyl-phosphocholine (DPPC) at the air-water interface [21] . This is not surprising given the lipid layer at the oil-water are formed by spreading from a volatile solvent. This is because we cannot compress this insoluble monolayer at the oil-water interface with our current experimental setup. In addition the formation of micelles implies the depletion of materials from the interface. The area per molecule plot ( Figure 3) shows a plateau region for the spread amount above 7.47  10 -6 mol m -2 indicating a possible saturation at the interface with the current experimental procedure. However given the lack of sensitivity of neutron reflectivity to the small changes in the bulk concentration we are not able to speculate with regard to where exactly the excess material reside.
CONCLUSION
The neutron reflectivity data using two contrasts have shown the monolayer formation for the DSPC lipid at a lowest amount of spread lipid at the oil-water interface. We have chosen the simplest layer structure to represent our data given the analysis of neutron reflectivity data is based purely on a model fits to the data. However this doesn't exclude the possibility of more complicated structures particularly for the lowest spread amount. The thickness of the monolayer is relatively high (about twice the molecular length) to accommodate the coulombic charges on the head group. An increase in the amount of spread lipid results in the formation of a monolayer plus possible micelle at the interface. It has been reported, when lipids are adsorbed at the oil-water interface from bulk phases, they have the tendency to self assemble into bilayers separated by thin water layers [19] . Events such as thermally-induced waves or the application of electric fields across the interface destabilise the multilayer structure. Defects are then generated in the bilayers which eventually lead to their disintegration and dispersion in the oil phase as water-in-oil emulsions or reversed micelles. Both spherical and rod-like lecithin micelles have been reported in non polar solvents, rod-like micelles being more stable at higher concentration [20] . The core of the micelles is very hydrophilic and is subject to significant hydration. It is believed that water transfers into the non polar solvent through hydration of the adsorbed lipid multilayer [21] , triggering a series of phase transitions that, depending on the solvent, may lead to a marked increase in viscosity of the hydrophobic phase [22] [23] [24] . More recently, the spontaneous emulsification at a lipid-stabilised oil-water interface was reported [25] and was also attributed to the hydration of the adsorbed lipid multilayer.
The results confirm that spreading molecules at high concentration from a volatile solvent onto a limited surface may not be ideal. It seems there is a transition from a monolayer to a more complex monolayer and micelle conformation as the spread amount increases. At the air-water interface one would normally prepare the monolayer using a Langmuir trough, by spreading on a large area and then compressing the layer using a moveable barrier. This is not currently possible for the oil-water interface experiments using neutron technique because of the drastic attenuation of the neutron beam through the bulk upper oil phase. We have now designed a new trough with a focusing trumpet for the neutron beam and sets of experimental protocols to use a Langmuir-type trough for these experiments in the future. This new trough enables the molecular conformation using a bulk oil to be resolved at these buried interfaces in addition to enabling the compression of the spread monolayer. This experimental set up will allow us to determine whether the formation of micelles is a consequence of the way in which the lipid film was prepared or it is due to the consequence of the presence of oil for which it has a certain affinity.
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Figure 4
Nb / Å Table 2 . Parameters used for multilayer fits to both contrast. The calculated fits are shown by the solid lines in Figure 1 (insert) and Figure 3 .
Table of contents entry
Structural conformation of lipids at the hydrophilic-hydrophobic interface
Mario Campana 1 , John R. P. Webster 2 , M. Jayne Lawrence 3 and Ali Zarbakhsh 1*
